The beta-thalassaemias are very important genetic disorders of haemoglobin synthesis and are amongst the commonest monogenic disorders. In view of the severity of beta-thalassaemia major, a number of screening programmes have been developed aimed at reducing the number of individuals born with the condition. Genetic counsellingplays a vital role in this process supporting the successful implementation of screening and delineating available options to at risk individuals. This review assesses the contribution of genetic counsellingat each stage of this process in the context of new diagnostic techniques and therapeutic options and discusses some of the more challenging aspects such as genotype/ phenotype correlation and coinheritance of other genetic conditions or genetic modifiers.
Introduction
Adult haemoglobin (HbA) has two alpha globin polypeptide chains and two beta chains. Mutations in the genes encoding these polypeptide chains caninterfere with their synthesis and the function of haemoglobin. The type of mutation will determine the likely phenotypic consequences. In one of the best described monogenic disorders of haemoglobin synthesis, the recessively inherited sickle cell anaemia, a single missense mutation in the HBB gene,which encodes the haemoglobin beta chain, results in the substitution of the sixth amino acid from glutamic acid to valine. The resulting haemoglobin (HbS) is prone to crystallise under conditions such as hypoxia leading to increased red cell fragility, haemolysis and other complications.The thalassaemias, on the other hand, are autosomal recessive conditions caused by a spectrum of mutations that interfere with the synthesis of the globin chains resulting in anaemia. Alpha-thalassaemia is caused by mutations in the HBA1 and HBA2 genes leading to deletion or dysfunction of the alpha globin alleles with the most severe phenotype (Haemoglobin Bart disease) being caused by the involvement of all four alleles (1) . In beta-thalassaemias, the homozygous or compound heterozygous state is associated with a variable level of impairment of beta globin chain synthesis resulting in an imbalance between the alpha and non-alpha chains available for haemoglobin synthesis. The precipitation of unassembled alpha chains results in damage to the erythroid precursors and anaemia (2) .
When both alleles are mutated in beta-thalassaemia, genotype/ phenotype correlations are important as the presence of milder mutations may ameliorate the alpha/ non-alpha chain imbalance leading to a milder phenotype. The result is a phenotypic spectrum ranging from the severe, transfusion-dependent beta-thalassaemia major to the milder thalassaemia intermedia (3). Other genetic variants influencing the expression of other types of globin chains can also lead to thereduction of the level of alpha/ non-alpha imbalance and lead to a milder phenotype. These include coinheritance of mutations in the alpha globin alleles leading to reduction of alpha globin levels as well as variants influencing the expression of other types of globin chains (such as gamma chains) leading to higher levels of fetal haemoglobin (HbF, a2γ2). The extent to which genotype or presence of modifying factors can be used in prognostication will be reviewed.The severity of the beta-thalassaemia phenotypes and the high prevalence of the condition in different populations has led to the development of a number of successful population screening programmes aimed at reducing the number of individuals born with the condition. These programmes have targeted at risk populations andtheir success relies on the individuals involved receiving appropriate information on the nature, inheritance and consequences of these diagnoses so that they can make informed decisions usually relating to reproductive choices. This process is collectively known as genetic counselling. This review will assess the role and use of genetic counsellingin relation to beta-thalassaemia.
Genetic counselling in the context of carrier screening
Carrier screening was introduced in countries with high prevalence of beta-thalassaemia (Mediterranean, Middle East, Indian subcontinent) and has also been used in countries such as the United Kingdom and Canada where some communities are considered at risk in view of their ethnic background (4) . Population screening can be delivered in a number of different ways. The main aspects to be considered in the design of such a programme are the timing of screening, the provision of relevant information and education, the process of obtaining informed consent, the voluntary or mandatory nature of screening and the associated genetic counselling (5) . It should be pointed out however that guidelines exist stressing the significance of informed consent and that genetic testing of individuals should not be compulsory (6) .
In terms of timing, screening has been offered to high-school stu- o n l y dents in their teenage years, at the premarital stage or in the context of antenatal screening. In the case of antenatal screening, such as the one available in the United Kingdom, one of the main drawbacks is that the choices offered to carriers are rather limited compared to those that would have been available in the preconception period. Furthermore, the screening is often done in conjunction with an array of other antenatal tests and this can impact on issues such as education and informed consent (7). Premarital screening, such as the one used in Cyprus, gives a wider range of options to those involved and in the countries in which it has been implemented it has been successful in identifying the individuals at risk (8, 9) . Voluntary screening of high school students has been supported by the provision of education about beta-thalassaemia and has generally been associated with high uptake, levels of acceptance and subsequent recollection of the relevant information (10, 11) . The issue of informed consent is a significant one. It should be pointed out that educating the public through public health campaigns and providing specific information are prominent features in programmes that are considered mandatory, such as the Iranian one (12) or quasi-mandatory ones as in the case in Cyprus. Interestingly, the voluntary antenatal screening programme introduced by the National Health Service in the United Kingdom is not universally associated with sufficient information being given to the women screened. (7). This may reflect the fact that routine antenatal Full Blood Count analysis is used in the first instance as the screening tool and it may be difficult to discern this specific role from the rest of the assessments carried out at that stage. These issues highlight the importance of appropriate education and informed consent of those screened. Overall, however, the post screen component of the genetic counselling is provided at a satisfactory level in the majority of cases.
Available options
Experience from long -running screening programmes has demonstrated a very significant reduction in the numbers of new cases of betathalassaemia (13) . At the same time, the experience from counties with a premarital screening requirement suggests that screening has no significant impact on the choice of partner. The main option, then, of couples at risk of having children affected by beta thalassaemia is to proceed with prenatal diagnosis and, in the great majority of cases, termination of an affected pregnancy. The advent of molecular diagnostic techniques in prenatal diagnosis has meant that individuals identified as carriers of beta-thalassaemia must undergo molecular testing to identify the relevant mutations. The advent of preimplantation genetic diagnosis has introduced an additional option and is important for carrier parents who want to avoid having affected children but at the same time want to avoid being faced with the choice to proceed with termination of an affected pregnancy (14) . The downside of preimplantation genetic diagnosis is, however, the complexity of the process and the reduced overall chances of a successful outcome. On the other hand, it may bea more relevant option for couples who may require the support of assisted reproductive techniques for reasons of subfertility.
It is, of course, inherent in any process involving informed decisions about reproductive options that some carrier couples will opt not to use prenatal diagnosis but accept the 1 in 4 chance of having an affected baby for personal, ethical or religious reasons. In a very small number of cases, prenatal diagnosis and the identification of an affected fetus may not be followed by termination of pregnancy. The role of preconception genetic counsellingis, other than explain the genetic risks and the options available, to inform about the implications of the diagnosis and the current state of play with regards to management. It ispossible that recent advances in the management of thalassaemia will have contributed to such decisions by some couples to accept the risk of having affected babies. Such choices may become more frequent as beta-thalassaemia is gradually being transformed into a chronic but manageable condition. Finally, the availability of the specific thalassaemia genotype in carrier couples may also influence reproductive choices. Specifically, the presence of milder mutations in both partners may be associated with the risk of the milder thalassaemia intermedia (15) . Although, by definition, not dependent on regular transfusions, this is still associated with significant morbidity and every effort must be made to inform the couples involved (16) . The challenges of genetic counsellingin this context are further complicated by the influence of other genetic modifiers on the emerging phenotype resulting in a wide range of associated severity making prognostication difficult.
Genotype/phenotype correlations
What underlies the anaemia in beta-thalassaemia is the imbalance between alpha and non-alpha globin chains with the resulting precipitation of excess alpha chains and damage to the erythroid precursors. It follows that any genetic or environmental factor that reduces this imbalance may contribute to a milder phenotype. The term genetic modifiers is used to describe the influence of genetic variation on the emerging phenotype in thalassaemia (2) . The nature of the mutation of the beta-thalassaemia alleles has been described as a primary modifier. More than 200 mutations have been described in the HBB gene interfering with different aspects of gene function and these mutations show characteristic regional trends (17, 18) . It is not surprising that milder mutations that do not abolish beta globin synthesis would be associated with a milder phenotype. In fact, the severity of individual mutations has been described in terms of their effects on heterozygote carriers. Mutations that have been associated with no discernible haematological abnormality in the heterozygote state have been described as silent mutations (19) . A homozygote or compound heterozygote of two silent or mild mutations is likely to be associated with thalassaemia intermedia. The difficulty arises in cases of compound hererozygosity of mild/ silent and a more severe mutation where the phenotypic variation is marked making any attempt to predict phenotype very challenging. Secondary modifiers are genetic variations in genes other than the beta globin one (20) . Mutations in the alpha globin locus associated with alpha-thalassaemia and variants that promote the expression of the gamma globin gene both reduce the alpha/ non-alpha imbalance and lead to a milder phenotype (21) . Such modifiers can account for the fact that individuals sharing homozygosity or compound heterozygosity of identical severe bo alleles show significant variation in the resulting phenotype ranging from severe transfusion-dependent beta-thalassaemia major to much milder phenotypes (2, 22) . The situation is further complicated by the identification of other modifying loci using genome wideassociation studies (21, 23) . In terms of using the genotype to inform the process of genetic counsellingand to predict phenotype, it would be fair to say that this is currently of rather limited practical use, applying to cases involvinga combination ofmild mutations.
Practice in Cyprus
In Cyprus, carrier detection is centralized in a specialized screening laboratory and is based on haematological screening and quantitative haemoglobin analysis. In view of the high prevalence of the carrier state, individuals can essentially refer themselves for screening as can members of families with affected individuals. Through the population screening programme, couples seeking a marriage licence through the church authorities will be referred to the centre for screening. More recently, and in view of the increasing numbers of civil ceremonies taking place on the island, civil authorities inform couples about the importance of screening at the stage of application. The couples involved are informed about the results directly by the laboratory and, when appropriate, are referred for counselling to the thalassaemia centre. Counselling is given to carriers of beta and alpha-thalassaemia as well as sickle cell anaemia. Counselling covers issues such as the nature of the diagnosis and its implications and the available options in terms of family planning. It is important to point out that counsellingis carried out on the basis of haematological testing and not genotyping. In the case of two beta-thalassaemia carriers, the 1 in 4 chance of having an affected child is discussed as are the options available to the couple. The option of prenatal diagnosis is taken up by most couples in this situation although there are increasing numbers of couples opting for preimplantation genetic diagnosis. Current figures suggest there are about 25-30 annual requests for preimplantation genetic diagnosis compared to about 120 requests for prenatal diagnosis. Both these techniques rely on identification of the HBB mutations involved and this analysis is performed at the specialist laboratory at the Cyprus Institute of Neurology and Genetics. The nature of the mutations identified is reported back to the thalassaemia centre and further, more focused counsellingcan then be provided based on the specific genotype. This is usually relevant in the case of mild or silent mutations (see primary modifiers above) although pitfalls in screening should be borne in mind such as the potential of missing a carrier of a silent mutation on haematological testing (19) . The coinheritance of mutations in the alpha globin alleles is also discussed if initial screening also suggested the need for genotyping of the alpha globin locus. Interestingly, however, the use of such genotype/ phenotype correlations to inform counsellingis rather limited. This reflects, on the one hand the difficulty in predicting phenotype in many of the cases and on the other hand the fact that most couples have essentially made up their minds about how to proceed on the basis of the initial counselling. In short, couples rarely change their initial reproductive choices following elucidation of the genotype.A very small number of affected children are born every year and they represent cases where one or both parents were not screened or rarely because of the decision of the couple to avoid prenatal diagnosis or even to continue with an affected pregnancy.
Conclusions
Screening programmes and effective counsellingof at risk individuals have resulted in a significant reduction in the incidence of betathalassaemia major although significant regional variations remain. The predominant practice has been the use of prenatal diagnosis to terminate affected pregnancies and prevent the birth of affected children although the introduction of preimplantation genetic diagnosis offers alternative choices to the couples involved. Our in depth understanding of the molecular basis of the beta-thalassaemias and the potential role of modifiers may allow better prediction of phenotype. This approach coupled with continuing advances in the clinical management of the beta-thalassaemias will support and improve the quality of genetic counsellinggiven to at risk individuals. Attempts, however, to reliably predict phenotype based on genotype are hampered by the complexity of the interaction of the various modifying factors.
In conclusion, screening programmes supported by appropriate genetic counselling and involving informed decisions by those involvedshould continue to be implemented around the world. Continuing research may give us further insights into the molecular interplay of the various genetic and environmental factors that determine the clinical manifestations of thebeta-thalassaemias allowing for more comprehensive genetic counselling. 
